The global homogenization of the Earth's biota is expected to increase due to the increase in movement of people and goods between regions, and many introduced species are having a negative economic impact. The increase of introduced species can be thought of as a major global change, because ecosystems throughout the world are now impacted by exotics [1, 2] . Grasslands, which cover roughly 25% of the globe, contain perhaps the most disrupted and homogenized communities in the world. Native grasslands have been lost because of land conversion, and native species have been replaced or displaced with introduced grasses and legumes. Many species were intentionally introduced during the early 20th century to prevent erosion or to improve grazing, and many have undoubtedly done so. However, as management objectives for grasslands have expanded to include wildlife habitat, biodiversity, and C sequestration, it has become critical to understand how introduced species are affecting these new objectives as well. For example, Christian and Wilson [3] found that areas in Saskatchewan, Canada, dominated by the introduced forage grass Agropyron cristatum are sequestering less C into their soils compared to developing native prairie stands with similar land use histories.
Introduction
The global homogenization of the Earth's biota is expected to increase due to the increase in movement of people and goods between regions, and many introduced species are having a negative economic impact. The increase of introduced species can be thought of as a major global change, because ecosystems throughout the world are now impacted by exotics [1, 2] . Grasslands, which cover roughly 25% of the globe, contain perhaps the most disrupted and homogenized communities in the world. Native grasslands have been lost because of land conversion, and native species have been replaced or displaced with introduced grasses and legumes. Many species were intentionally introduced during the early 20th century to prevent erosion or to improve grazing, and many have undoubtedly done so. However, as management objectives for grasslands have expanded to include wildlife habitat, biodiversity, and C sequestration, it has become critical to understand how introduced species are affecting these new objectives as well. For example, Christian and Wilson [3] found that areas in Saskatchewan, Canada, dominated by the introduced forage grass Agropyron cristatum are sequestering less C into their soils compared to developing native prairie stands with similar land use histories.
Exotic species have been planted or have spread to become common or even the dominant species in many grasslands in the US. For example, the grasses Bromus inermis and Agropyron cristatum are dominant grasses in much of the Northern Plains region (e.g., [3, 4] ), species of the genus Centaurea dominate some Rocky Mountain grasslands [5, 6] , exotic annuals dominate California (e.g., [7] ), Agropyron desertorum dominates much of the inter-mountain west (e.g., [8] [9] [10] ), and the grass Bothriochloa ischaemum dominates most central Texas grasslands [11] . The spread of these species has occurred within a very short time span. For example, it is stated in the 1979 Flora of Texas that Bothriochloa ischaemum was 'not persisting except in cultivation or along roadsides'. The spreading of exotic species, their impact on native communities, and the global homogenization of the flora and fauna makes this an important global issue [1, [12] [13] [14] .
Several comprehensive reviews exist on invasive plant species [15] [16] [17] [18] [19] [20] [21] . Rather than providing another overview of the topic, I will focus on a smaller aspect of the issue, i.e., whether invasive-species conclusions based on single species pairs would differ from conclusions based on means from multiple invasive and native species. I test this hypothesis with a literature review and with data from a common garden experiment.
Are there differences in growth characteristics between natives and exotics?
Two important predictions have been made about exotic species: 1) introduced species have higher growth rates than do natives and 2) introduced species are more tolerant to grazing than are native species, at least in regions where plants evolved with low intensities of grazing. Introduced species are predicted to have higher growth rates because they 1) have been 'released' from their natural enemies (pathogens or herbivores), 2) are able to shift allocation of resources from secondary compounds to growth (reviewed in [22] ), or 3) have undergone rapid evolution for high growth rate and increased competitive ability (e.g., [23] ). A factor that is seldom mentioned is the possibility that people consciously selected fast growing species (out of a wide distribution of possible species and genotypes) to introduce. Whatever the mechanism, exotics are predicted to have a higher rate of above-ground growth than natives when grown under common conditions. Several studies have reviewed papers that compared growth rates and competitive abilities between native and exotic plant species (e.g., [24, 25] ). Daehler [24] , in a literature review, compared natives and exotics for 9 growth related traits, 4 spread related traits, and 3 "composite" traits. He found few differences between natives and exotics. Among the growth related traits, only leaf construction costs and leaf area were significantly different in exotic species. Spread related traits were not significantly different between natives and exotics, except for survival rate, which was higher in natives. Phenotypic plasticity was significantly greater in exotics, and growth generally responded more to nutrients in exotic than in native species. This provides an important link to theory developed by Burke and Grime [26] and Davis et al. [27] that predicts that invasions will be most likely to occur when unused resource pulses occur. Daehler [24] did not analyze tolerance to grazing or clipping, although many of the cited papers contained data on this variable. Daehler concluded that the major difference between exotics and natives is that the former can more rapidly adjust to the fluctuating conditions of disturbed sites. However, Vilá and Weiner [25] found in a meta-analysis that exotics had a higher overall growth rate than natives. They went on to note that differences between natives and exotics may have been influenced by biased choices of investigators, who may have compared highly invasive exotics with "well behaved" native species in at least some cases [25] . The differing conclusions between Daehler [24] and Vilá and Weiner [25] , and the large variation in out- comes among studies, suggests that differences in sampling design (e.g., vote counting versus meta-analysis) might have affected the conclusions reached.
Problems with generalizing from studies of exotic-native pairs
Most land managers deal with large multi-species communities that contain multiple exotic species (salt marsh dominated by Spartina spp is the exception, e.g., [28] ). They are commonly interested in knowing, in general, how all of the exotic species in their area are affecting community and ecosystem processes. The literature that compares exotic and native species growth characteristics (e.g., [24, 25] ) is highly relevant to these management issues. However, because species are not replicated in most comparisons of native and exotic species within a given site, results may not provide the best information for management. Results and conclusions will be as highly variable as the variation among species. As any basic statistics book will explain, a greater number of replicates will lead to more precise estimates that approach the actual mean. Using few or no replicates may be leading to the widely varying results, with some results falling well above the actual mean and some falling well below the actual mean. Among-species variation in morphological or physiological traits is enormous among both native and exotic species. Picking one species out of a large distribution will give much greater weight to outlier species and lead to widely varying conclusions among studies. Thus, I hypothesize that conclusions about exotic-native differences by Daehler [24] may have been different if species had been replicated within sites.
Another, but less common problem with exotic-native species comparisons is that growth form (e.g., annual versus perennial) is sometimes confounded with native-exotic status [29, 30] . In many cases, the objective of the researcher is to test hypotheses associated with how to restore native species dominance [29, 30] . In these cases, researchers sometimes choose a perennial native species to compare to an annual exotic. In this case, annual-perennial (i.e., successional stage) and native-exotic status are confounded. This makes sense in the context of restoration ecology, but it makes less sense in comparisons of natives to exotics (Tab. 1).
Literature review of native and exotic species comparisons
Here, I analyze data from papers cited in the review by Daehler [24] as well as a few more recent studies, and break down the analysis into two data sets: those that compare a single pair of native and exotic species and those that replicate either native or exotic species, or both (Tab. 1). My prediction is that studies that replicate species within their study areas will give a more accurate estimate of the overall effect of exotic species, and will be less variable than studies that use single pairs within sites. Furthermore, I analyze a variable that was not measured by Daehler [24] , but that is important to grazed grasslands: tolerance to either real or simulated defoliation by grazers. There are few studies with replicated species responses to grazing or clipping, so this variable was analyzed with the combined data set (pooling replicated and non-replicated studies).
A total of 61 studies were analyzed. Of those 61 studies, only 10 replicated both native and exotic species (16%). Seven studies replicated natives only and 3 replicated exotics only, for another 16%. Most studies (41 out of 61, 67%) did not replicate either species type, i.e., they compared a single exotic species to a single native species (Tab. 1).
I found that results differed between studies that did and did not replicate native and exotic species (Fig. 1) . I used a vote count technique [24] and classified studies into categories of 1) exotic mean > native mean, 2) no significant difference between exotic and native species means and 3) native mean > exotic mean. In contrast to Daehler [24] , who classified studies as exotic = native if any of the natives equaled the exotic (which biases the results towards Figure 1 . Proportion of studies cited by Daehler [24] that found higher growth rates in exotics than natives (E > N), no significant difference (n.s.), or higher rates in natives than exotics (N > E) among studies that replicated either native or exotic species identity, or both (a) or among studies that did not replicate species (b). not finding overall differences), I based differences on the means for all native or exotic species. I only had enough data to test for above-ground growth rate variables because of the small number of studies that replicated species. In 11 studies that replicated either native or exotic species or both (Fig. 1a) , I found a significant difference among outcomes (chi-squared exact test, χ 2 = 6.3, 2 d.f., P < 0.05). Majority of studies (65%) found that exotic species had higher growth rates than natives (Fig. 1) . Only 12% of studies found that native species had higher growth rates than exotics. Thus, this analysis supports the hypothesis that growth rate overall is higher in exotics than it is in natives. When I analyzed the data set that included studies that did not replicate species (Fig. 1b) , I found no significant difference among the three outcomes (chisquared exact test, χ 2 = 0.1, 2 d.f., P > 0.10), which does not support the hypothesis that exotics differ from natives. Taken together, the difference between these two data sets suggests that conclusions about exotic species may change depending on whether species are replicated within groups. If multiple species were used, the (correct?) generalization reached was that exotics had higher growth rates than natives. If un-replicated species pairs were used, the (incorrect?) generalization is that there was no overall effect. This result is not entirely surprising. By using species pairs, one is less likely to find a difference between natives and exotics because of the very high variability among species. Replicating species leads to a more precise estimate of mean differences between native and exotic species within sites, which is an important variable to managers.
Grazing tolerance in exotic species
Many plant species were introduced into North and South America, Australasia and elsewhere to improve grazing lands. In many cases, introductions were made of species that tolerate grazing well. For example, grasses from East Africa were introduced to many places because they evolved with large populations of grazing mammals [31, 32] . Tolerance is defined as having a smaller reduction (or even an increase) in relative growth rate due to compensatory growth after grazing or simulated grazing (i.e., clipping) [33] [34] [35] . An intolerant plant would have larger reductions in relative growth rate. A few influential early studies found that a native species was less tolerant of defoliation than an invading exotic species [8, 32] . Again, both of these studies used only a single native and exotic species. Based on these studies, the authors concluded that an exotic Agropyron (now Pseudogneria sp.) species was spreading in grazed grasslands of the inter-mountain western USA and an African grass was spreading across South America due their greater tolerance to grazing [8, 32] .
I reviewed studies cited by Daehler [24] that included data on grazing or clipping tolerance in exotic and native species. By including several studies in my analysis, I could test the generality of the hypotheses of Caldwell et al. [8] and Simoes and Baruch [32] . I found that out of seven studies, all but one found support for the hypothesis that exotics are more tolerant of grazing or clipping than native species (Fig. 2) . Support of the hypothesis was found by Caldwell et al. [8] , Pyke [10] , Fan and Harris [36] , Simoes and Baruch [32] , Schierenbeck et al. [37] , and Holmgren et al. [38] . Only one study [39] reported inconsistent results, with exotics being more tolerant to grazing only in situations where water availability was high. Thus, the overall data set seemed to support the hypothesis that exotics have higher grazing tolerance than natives. The higher tolerance of exotics to grazing may be important in their spread in grasslands, which could be due to the commonness of grazing by native and domestic animals throughout grasslands of the world. The processes underlying this phenomenon deserve much further research.
An experimental example on the importance of replication
In an ongoing experiment in the Texas Blackland Prairie region [40] , we are comparing growth characteristics of the common exotic and native C 4 grasses in the region. Plants are being compared in common garden monoculture plots, as well as in 2, 4, and 8 species mixtures. Small equal-sized transplants were planted into monoculture 1 m 2 plots (96 transplants per plot) in spring 2001 within three blocks (block term, F 1,15 = 2.4, P = 0.143) and allowed to grow for two growing seasons before harvest. Plots were weeded when necessary. An estimate of average difference between exotics and natives is possible because species identity is replicated, with 3 exotic and 5 native species being represented (Fig. 3) . A fixed effects model (that uses plots as the error term) is appropriate here because we have all the major native and exotic species in this system, and therefore, the choice of species would not change if we were to Figure 2 . Proportion of studies cited by Daehler [24] that found higher tolerance to grazing or clipping in exotics than natives (E > N), no significant difference (n.s.), or higher rates in natives than exotics (N > E). Studies that either did or did not replicate species were combined due to small sample sizes.
conduct the experiment a second time. Thus, we are attempting to determine if exotics differ from natives, but only at this site. Mean aboveground productivity (peak biomass) was 813 g/m 2 for exotics and 524 g/m 2 for natives, and this represents a highly significant difference (F 1,15 = 49.1, P < 0.001). This represents a 55% increase in growth overall in exotics over natives. There was also a large amount of variation among species within native-exotic type (F 6,15 = 29.8, P < 0.001). In order to compare our overall results with what would have been found if we had not replicated species, we back selected several species pairs to point out how variable results could have been. A, B and C in Figure 3 denote single species pairs, which might have been chosen for comparison. In scenario A, if these two species were pre-chosen for comparison, we would have made the correct qualitative generalization (exotic > native), but would have hugely overestimated the difference, i.e., a 428% increase in growth in the exotic. If the species pair in scenario B had been used, an incorrect generalization would have been reached: that exotic species had a 55% decrease in growth compared to the native species due the use of a non-representative native species, Bothriochloa laguroides. In scenario C, virtually no difference (3%) would have been found between the exotic and native species. Thus, widely different conclusions would have been reached at this site if we had not replicated species in this study. By including the major native and exotic species from this system in our design, we were able to more accurately estimate the overall impact of exotic species in this system. Exotic species ecology will greatly benefit by developing a more community-level approach that replicates species [24] .
Do exotic species affect species diversity-NPP relationships?
There has been much recent interest in whether exotic species are lowering species diversity, and in turn, whether lowered species diversity will affect ecosystem process rates. Although 25% of the earth's surface is reported to be grassland, much of it is human-derived grassland, or grassland that assembled from previously farmed areas. Classical succession theory would predict that a high diversity native system would develop in these systems given enough time. However, this has not been the case. Many areas no longer have an adequate seed source of native species, or even if a seed source is available, native species have a multitude of exotic species to contend with during early community development. A few studies have shown that exotic grasslands tend to have lower diversity than do native grasslands, even many years after abandonment from agriculture [3, 11, 41] . However, in many cases, it is unknown whether this low diversity is caused solely by higher resource availabilities due to fertilizer carry-over [42] [43] [44] [45] , or if part of the effect is due to characteristics of the species themselves. Christian and Wilson [3] found that former Saskatchewan croplands planted with Agropyron cristatum had lower species diversity than adjacent unplanted areas even after many years of abandonment. Foster et al. [41] found that 34 species were largely unable to establish from seed in low diversity grassland patches with strong dominance by exotic grasses such as Bromus inermis in Kansas. I have found essentially zero seedling emergence in Bromus inermis plots within western Iowa (unpublished data). Less interest has been focused on whether exotic species affect species diversity-ecosystem functioning relationships [46, 47] .
Although most researchers focus on the individual plant or population levels, invasive species establish and grow in communities. Higher aboveground growth rates by exotic species might lead not only to higher productivity, but to a greater rate of local species extinctions [40] . Loreau and Hector [48] outlined a powerful technique for partitioning the net biodiversity effect (i.e., yield of a plant species in mixtures compared to expectations from monocultures) into a selection and complementarity effect. The overall net biodiversity effect compares yield in mixtures to yield in monocultures. The partitioning method then breaks this overall effect into a selection and complementarity effect. These two effects can hypothetically range from negative to positive, and are combined to account for the net biodiversity effect. The complementarity effect combines the effects of niche differentiation and facilitation [48] .
A positive selection effect occurs when species that are highly productive in monoculture are the ones over-yielding in mixture. Taken together, these two processes can increase the growth of mixtures above that which would be expected based on that expected from monocultures [48] . Loreau and Hector [48] used this technique on native species assemblages in Europe and found that the complementarity effect accounted for the higher yields in mixtures. The selection effect varied from negative to positive across sites and was less important than complementarity.
In contrast to the results of Loreau and Hector [48] , we have found strong selection effects in native-exotic mixtures that are caused by exotic grasses. Polley et al. [49] found that both the selection and "complementarity" effects were negative in three species mixtures with annuals. The exotic Lolium perenne was the most important species in explaining negative selection effects. Wilsey and Polley [40] found a large positive selection effect that increased with species richness; a smaller complementarity effect was found only when mixtures were planted with high evenness. The strong selection effect, especially during the first year, was driven mostly by the exotic grass Panicum coloratum. Local species extinctions, which started in the second year of the study, were highest in species with low aboveground growth rates and in plots planted with low species evenness [40] . Taken together, these studies suggest that the dynamics of native-exotic mixtures may differ from mixtures with only native species. However, further research with a greater number of study systems is needed to determine how general this phenomenon is. Further monitoring of our experimental plots over many years will be helpful in determining whether local extinction rates are higher in plots as a function of the proportion of exotic species.
Conclusions
I found that results from exotic-native comparisons differed depending on whether a single exotic-native species pair was compared or if replicated groups of exotics and native species were compared. Comparing groups of exotics to natives gave more consistent results, and supported the hypothesis that exotic species have higher aboveground growth rates than natives. Comparing single species gave more widely varying results because of the large amount of variation that exists among species. Of course, this variation among species is important and should be taken into account by land managers dealing with a new invasive species. Management plans will have to be somewhat species-specific in these cases. However, if the goal of a manager or policy maker is to develop a comprehensive general management plan for exotic species at a given site, or to develop ecological theories on exotic species effects, studies with replicated species will be highly useful.
There are other problems with studies that focus on native-exotic species pairs. For one, native species are not always picked randomly. Introduced spe-cies are often selected for research studies because they are highly invasive and problematic in their area [25] . This is not surprising, but it makes it difficult to decide which native species should be chosen for comparison. Should the exotic be compared to an equally aggressive native species, or to a nonaggressive native? These choices have the potential to greatly impact the conclusions that are reached [25] . By focusing on the overall effects (i.e., mean of several species responses) of exotic species, the biases from individual ("outlier") species are likely to be lessened. Thus, by replicating species, we may be able to increase the predictive power of invasive species ecology.
Finally, in addition to finding mean growth rate was higher in exotics than in natives in monocultures at our study site, we also found that exotic species can have especially large effects on productivity in mixture [40] . The higher growth rate of exotics in mixture [40] is potentially very important because it 1) may partially explain why exotic species are commonly associated with lower species diversity (i.e., exotics are causing diversity loss), and 2) could lead to altered ecosystem process rates. These issues deserve further study.
